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ABSTRACT: To this day, engineering nanoalloys beyond bimetallic
compositions has scarcely been within the scope of physical deposition
methods due to the complex, nonequilibrium processes they entail. Here, we
report a gas-phase synthesis strategy for the growth of multimetallic
nanoparticles: magnetron-sputtering inert-gas condensation from neighboring
monoelemental targets provides the necessary compositional flexibility,
whereas in-depth atomistic computer simulations elucidate the fast kinetics
of nucleation and growth that determines the resultant structures. We
fabricated consistently trimetallic Au−Pt−Pd nanoparticles, a system of major
importance for heterogeneous catalysis applications. Using high-resolution
transmission electron microscopy, we established their physical and chemical
ordering: Au/Pt-rich core@Pd-shell atomic arrangements were identified for
particles containing substantial amounts of all elements. Decomposing the growth process into basic steps by molecular
dynamics simulations, we identified a fundamental difference between Au/Pt and Pd growth dynamics: Au/Pt electronic
arrangements favor the formation of dimer nuclei instead of larger-size clusters, thus significantly slowing down their growth
rate. Consequently, larger Pd particles formed considerably faster and incorporated small Au and Pt clusters by means of in-
flight decoration and coalescence. A broad range of icosahedral, truncated-octahedral, and spheroidal face-centered cubic
trimetallic nanoparticles were reproduced in simulations, in good agreement with experimental particles. Comparing them with
their expected equilibrium structures obtained by Monte Carlo simulations, we identified the particles as metastable, due to out-
of-equilibrium growth conditions. We aspire that our in-depth study will constitute a significant advance toward establishing
gas-phase aggregation as a standard method for the fabrication of complex nanoparticles by design.
■ INTRODUCTION
Gas-phase synthesis is a promising method for the green and
economic design of nanoparticles as building blocks for
targeted nanotechnology applications, which has attracted
increasing interest due to its versatility and liberating
independence from chemical precursors and surfactants.1
Today, after significant advances both in the laboratory and
in silico,2−5 it has reached the liminal stage where its potential
for real-world applications can be realized. To this end, two
main limitations need to be overcome: scale-up and structural
control.6,7 This work has nothing to do with the former; it has,
however, everything to do with the latter.
A manifestation of the technique’s coming-of-age would be
the consistent design and engineering of sophisticated,
multicomponent nanoparticles of high technological relevance;
however, to this day, the majority of reports typically concern
simple mono- or bimetallic particles. The comparative
advantage of multicomponent nanoparticles composed of
various elements is twofold: on the one hand, they can offer
multiple functionalities, combining different classes of chemical
and physical properties stemming from individual constituents.
On the other hand, through coupling between different
components, multielemental nanoparticles can present im-
proved or even novel properties typically unavailable to single-
element nanoparticles.8 These advantages make multielemental
nanoparticles particularly attractive for a wide range of
potential applications; a common example is the use of ternary
magneto-plasmonic nanoparticles for theranostics.9,10 As a
result, a large number of studies have been published over the
past years demonstrating the correlation between the
composition, structure, and physical or chemical properties
of numerous multielemental systems.11−14
Of particular interest is the boost that multimetallic
nanoparticles can provide to the field of catalysis. For example,
Pt-based multicomponent nanoparticles have been extensively
utilized in the chemical industry.15,16 Pt presents remarkable
catalytic activity, which may be further enhanced by the
addition of another metallic component such as Au or Pd.17−20
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Many studies focusing on bimetallic systems of these three
elements (especially segregated systems with core@shell
configurations) indicate a drastic enhancement of catalytic
activity in various reactions and excellent electrochemical
properties in general.21−27 It was, therefore, expected that a
suitable combination of these three noble metals would
favorably modify the electronic structure of the nanoparticles
and provide more active sites for enhanced catalytic
activity.28−33 Various studies focused on the Au−Pt−Pd
system developed by some chemical route: by typical reduction
of precursors and adjustment of decomposition kinetics to
form multishell particles,34,35 sol-immobilization,36,37 fabrica-
tion from a poly(vinylpyrrolidone)-based aqueous solution,31
electroless deposition,38 etc. These syntheses enabled the
formation of spherical, multishell Au@Pd@Pt nanoparticles,34
nanoalloys,38 Au@Pd@Pt nanocubes,39 or even interesting
trimetallic “nanoflowers”.40 Experimental studies clearly
demonstrated these trimetallic clusters’ improved chemical
stability for fuel cell reactions23,30 and impressive catalytic
activity for the methanol oxidation reaction,31,35,39,41 glucose
oxidation,42 selective oxidation of benzyl alcohol,43 formic acid
electro-oxidation,34 electrochemical performance for oxygen
reduction reaction,40,44 etc. Simultaneously, computational
simulation studies established that trimetallic clusters at
thermodynamic equilibrium typically contain Au atoms at
the surface, sometimes accompanied by Pd atoms, whereas Pt
atoms usually occupy inner layers, preferably forming a
subsurface layer.45,46 The main mechanisms responsible for
the optimal chemical order are surface energy and elastic stress
minimization and maximization of the number of high-strength
bonds (i.e., Pt−Pt).47,48 It should be stressed, however, that
these studies concerned small clusters, typically on the order of
a few tens or, at the extreme case, hundreds of atoms.
This study is the first to present fabrication of trimetallic
Au−Pt−Pd nanoparticles through a gas-phase synthesis route.
The main goal of this work was to engineer trimetallic Au−Pt−
Pd nanoparticles by means of magnetron-sputtering inert-gas
condensation.49 To allow for a broad spectrum of relative
compositions, three independent neighboring targets of Au, Pt,
and Pd were utilized. We determined a specific combination of
sputtering powers, which, through their resultant relative
concentrations of sputtered atoms during nucleation, con-
sistently led to the deposition of purely trimetallic nano-
particles. Several characterization techniques such as atomic
force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), and high-resolution (scanning) transmission electron
microscopy [HR-(S)TEM] were used to investigate the
structural and chemical orders of these nanoparticles. As Au,
Pt, and Pd display similar lattice parameters, structural analysis
was challenging; therefore, experimental studies were com-
plemented with computational simulation studies. Predicting
the structure of mixed-element nanoparticles is nontrivial due
to its dependence on both size and complex energy landscape:
to reach equilibrium, a multimetallic nanoparticle must
Figure 1. (a) Schematic representation of a magnetron-sputtering inert-gas-condensation system utilizing a triple-target configuration. (b)
Schematic representation of the MD arrangement and its correspondence to the experimental setup. For the first 100 ns, individual nucleation of
each element within plasma zones was simulated in a 1000 K Ar gas environment inside 50 × 50 × 50 nm3 simulation boxes. Next, growth within a
room temperature aggregation zone represented by a single 150 × 50 × 50 nm3 simulation box was simulated for 300 ns. Au, Pt, Pd, and Ar atoms
are represented by yellow, red, blue, and green spheres, respectively. (c) Calculated sputter yields for all three single-element targets for various
energies, used as input for MD: Au and Pd have consistently similar yields, whereas the Pt yield is significantly lower, due to its higher sputter
energy threshold.
Chemistry of Materials Article
DOI: 10.1021/acs.chemmater.9b00129
Chem. Mater. 2019, 31, 2151−2163
2152
optimize both geometrical shape and chemical ordering.
Nanoparticles grown by gas-phase aggregation are often
trapped in metastable configurations due to the out-of-
equilibrium conditions during growth; therefore, their
configuration is determined not only by energetic but also by
kinetic effects. Using molecular dynamics (MD) and
Metropolis Monte Carlo (MMC) simulations, we were able
to determine the equilibrium structural and chemical ordering
of the particles, describe the metastability of the experimental
clusters, and elucidate their formation mechanisms. We
emphasize the paramount importance of early-stage nucleation
as a limiting factor for the growth of multicomponent
nanoparticles.
■ METHODS
Materials. The nanoparticles were fabricated by sputtering Au
(purity >99.999%), Pt (purity >99.99%), and Pd (purity >99.95%)
magnetron-sputtering targets 25 mm in diameter and 3 mm in
thickness (Kurt J. Lesker, PA). As substrates for AFM and XPS
measurements, undoped Si dice 5 × 5 mm in size with (100)
orientation were used (MTI Corporation, CA). Copper frames with
electron-transparent carbon-coated grids (400 mesh) and silicon
nitride membranes were utilized as substrates for TEM/STEM-high
angle annular dark field (HAADF) analysis (Ted Pella Inc., CA).
Nanoparticle Synthesis. Trimetallic nanoparticles were synthe-
sized using a direct current (DC) magnetron-sputtering inert-gas
aggregation system, schematically illustrated in Figure 1a. The
deposition system consists of a multitarget nanocluster sputtering
source, a quadrupole mass filter (QMF), and a deposition chamber.
Au, Pt, and Pd sputtering targets were located side by side on an
integrated magnetron-sputtering head in an equilateral triangle
configuration. The initial base pressure was ∼2.0 × 10−6 Pa. During
deposition, pressures in the nanocluster aggregation zone and
deposition chamber were ∼25 and ∼7.0 × 10−2 Pa, respectively. Ar
gas flow rate and aggregation zone length were set at 70 sccm and 100
mm, respectively. A series of samples were produced keeping the Ar
gas flow and aggregation length constant; the only parameter that was
adjusted was the DC magnetron power applied independently on
each target while co-sputtering (5−20 W). Nanoparticle sizes and
compositions were monitored via in situ QMF feedback and,
subsequently, by AFM/XPS characterization. The nanoparticles
were deposited on either (holey) carbon-coated Cu grids or on 8
nm thick silicon nitride membranes. The substrate holder was rotated
(at 2 rpm) to ensure homogeneous deposition. To obtain
submonolayer coverage, the deposition time was limited to 3 min.
After deposition, samples were transferred via a load lock chamber to
a nitrogen-filled glovebox for storage before characterization experi-
ments.
Characterization. A Bruker Multimode 8 AFM was used to
analyze the topography of the samples, utilizing the NanoScopeV
controller in tapping mode equipped with a triangular silicon nitride
AFM tip (radius <10 nm, force constant: 0.35 N m−1, resonant
frequency: 65 kHz). The AFM system height “z” resolution and noise
floor were <0.03 nm. Height distribution curves were extracted from
the AFM images by built-in functions of the scanning probe processor
software (SPIP 6.3.3, Image Metrology, Hørsholm, DK).
XPS measurements were performed in a Kratos AXIS-Ultra DLD
Photoelectron spectrometer with a base pressure of 2 × 10−7 Pa and
using a monochromatic Al Kα source (1486.6 eV); for quantification,
the CasaXPS software was used. The Pd 3d, Au 4f, and Pt 4f core-
level narrow spectra were recorded using a pass energy of 20 eV for
high resolution. Full width at half-maximum values for Au, Pt, and Pd
(0.83 eV,50 0.96 eV,51 and 0.86 eV,52 respectively) were imported into
the software as constraints to relate the XPS spectra directly with their
metallic widths. Charge correction was done against adventitious
carbon C 1s (binding energy = 284.6 eV).
Regarding TEM experiments, nanoparticles were deposited on
silicon nitride (Si3N4) thin films and the samples were exposed to air
before introduction to the microscope. HR-TEM was performed on
an image-corrected FEI Titan E-TEM G2 operating at 300 kV,
providing a spatial resolution of 0.1 nm. HAADF-STEM and energy-
dispersive X-ray spectroscopy (EDS) measurements were carried out
on a probe-corrected JEOL ARM 200F operated at 200 kV fitted with
a large-angle EDS detector. HR-STEM mode provided a spatial
resolution of 0.078 nm. HR-TEM/STEM micrographs and EDS data
were acquired and processed using the Gatan Digital Micrograph
environment.
Interatomic Potentials. For the computational part of this study,
the classic embedded-atom method (EAM) interatomic potential
developed by Foiles et al. was used to model the interactions between
all three metallic species,53 both for the nucleation MD and the
demixing MD and MMC simulations. The heats of solution predicted
by the potential follow the phase diagrams fairly well.54 Energy
differences between single impurities near a (100) surface and in the
bulk of host materials, indicating surface segregation, are consistent
with theoretical and experimental data.55−57 However, small systems
(>100 atoms) may have different structures compared with the
extended system.58 It was emphasized by the authors that in the cases
related to Pt, the sign of the segregation energy differs for the two
planes; this suggests that Pt atoms tend to segregate in the second
atomic layer in the Au/Pt/Pd system. For sampling the potential
energies, both the potential by Foiles et al.53 and the potential by
Adams et al.59 were used for comparison purposes. The interactions
between Ar atoms were modeled with the Lennard-Jones potential,60
whereas the interactions between Ar and sputtered metal atoms were
reproduced by the universal, purely repulsive potentials by Ziegler,
Biersack, and Littmark.61
Molecular Dynamics Simulations. Two sets of MD runs were
performed to simulate monometallic and trimetallic nanoparticle
nucleation and growth. For the first set, the PARCAS parallel, classical
MD code was used.62−64 For the case of monometallic nucleation,
various numbers of atoms corresponding to different magnetron
powers (see Table 1) were introduced at random but isolated
positions in a cubic box with a 50 nm side length and periodic
boundary conditions. The initial temperature of all atoms was 3000 K.
Each time an Ar atom passed through the simulation box boundaries,
its temperature was reset to 300, 700, 1000, or 1500 K utilizing the
Berendsen thermostat.65 The metallic atoms were cooled by elastic
collisions with colder Ar atoms; no other temperature control was
used. Monometallic nucleation runs were 100 ns long.
For the case of trimetallic growth, we used numbers of atoms that
corresponded to the particular sputtering power combination
experimentally determined to be most effective for producing
trimetallic nanoparticles. As summarized in our previous work,66 we
split the nucleation and growth process into two regions: plasma zone
and aggregation zone. In the former region, monometallic nucleation
of 500 Pt, 900 Au, and 1800 Pd atoms occurred for 100 ns inside
individual simulation boxes of 50 × 50 × 50 nm3 containing 5000 Ar
gas atoms with a thermostat value set at 1000 K. This arrangement
reproduces the physical separation of the hot plasma zones observed
in our experimental setup. In the latter region, the three simulation
boxes were combined into a single longer box, i.e., 150 × 50 × 50
nm3, and mixed nanoparticle growth ensued for another 300 ns in an
Ar environment at 300 K as continuation simulation runs; this way,
we were also able to monitor mixed nanocluster coalescence. This
Table 1. Numbers of Sputtered Atoms of Each Element
Used for the MD Growth Simulations for Different Power
Values
power (W)
element 5 10 15 20
Pt 500 800 1000 1100
Pd 900 1500 1800 1900
Au 900 1500 1800 1900
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MD run arrangement is schematically summarized in Figure 1b,
superimposed with MD visualization snapshots after every 100 ns.
The setup of the second set of monometallic nucleation and growth
simulations was similar, but the runs were performed with
LAMMPS.67 3125 metallic atoms (Au, Pt, or Pd) and either 12 500
or 100 000 Ar atoms were introduced in 100 × 100 × 100 or 200 ×
200 × 200 nm3 simulation boxes. The initial temperature of metallic
atoms was 900 K. A Nose−́Hoover thermostat, set at 300 K, was used
for the Ar gas.68,69
For the simulated annealing study of small monometallic clusters of
up to 12 atoms, the formation energies were calculated after 100
cycles of fast heating (up to 2500 K) and minimization to the local
minimum using the conjugate gradient method.70 Subsequently, the
lowest energy state was selected.
Monte Carlo Simulations. Monte Carlo simulations were
performed to investigate the equilibrium chemical order of the
bimetallic and trimetallic nanoparticles. Pairs of atoms of different
types were picked randomly, and their types were swapped using the
Metropolis criterion. After each exchange, the system was locally
relaxed by MD to the closest local minimum. As such, the potential
energy landscape was sampled according to the “basin hopping”
global optimization algorithm.71,72 All simulation snapshots are
visualized using OVITO.73
■ RESULTS AND DISCUSSION
Theoretical Growth of Monometallic Nanoparticles.
Recently, we reported on the formation of multicomponent
nanoparticles via a versatile co-sputtering gas-condensation
method, schematically shown in Figure 1a, utilizing a
multitarget nanocluster sputtering source, a quadrupole mass
filter (QMF), and a deposition chamber.9,74−77 We showed
that by concurrent magnetron sputtering from neighboring
targets, one can vary the chemical composition of the
fabricated nanoparticles by simply adjusting the sputtering
powers at the respective targets.74 In this setup, mixed-element
nanoparticles mainly grow as a result of primary single-element
cluster coalescence at a later stage of the nucleation and growth
process, away from the targets and the hot plasma regions
surrounding them.74
Therefore, we first explored the monometallic growth of
each of the constituents of the desired trimetallic nanoparticles
under identical sputtering conditions (pressures in the
sputtering reactor, Ar flow, and aggregation zone length).
The theoretically expected yield for each element is shown in
Figure 1c, as given by a sputter yield calculator78 based on
species-dependent energy thresholds for sputtering and
empirical equations for yields at normal incidence.79 A key
finding from this analysis is that the Pt yield is considerably
lower than those of Au and Pd.
To guide our experimental study, after an initial bench-
marking of the interatomic potential used (Figure S1), we
performed classical MD simulations of monometallic nano-
particle nucleation and growth from the gas phase. The
challenge for the MD simulation was to reproduce the
experimental aggregation procedure as accurately as possible;
therefore, we assigned a number of sputtered atoms to each
specific magnetron power used experimentally (see below for
the growth of trimetallic nanoparticles) based on the relative
sputtering yields of Figure 1c (within necessary approxima-
tions), assuming a sputtering energy of ∼220 eV. The numbers
of atoms used in our simulations are summarized in Table 1;
we kept them relatively small for low computational cost but
large enough to produce a significant number of nanoparticles
so that we could analyze the growth kinetics between different
species. The box size was 50 × 50 × 50 nm3, and there were
5000 Ar atoms in each run so that equivalent cooling
conditions were applied.
For each individual element, we varied two independent
parameters: the temperature of the Ar gas thermostat (see
Methods section) and the magnetron power. This way, we
were able to investigate a broad spectrum of possible thermal
environments during growth, which decisively affect the
morphologies of the resultant nanoparticles.80 The temper-
ature and potential energy evolution of exemplary MD
simulation runs is presented in Figure 2a; the temperature
increase and potential energy decrease are fingerprints of bond
formations, indicating nucleation and growth of nanoclusters.
Snapshots after 100 ns of simulation runs are shown in Figure
S2 for all three atomic species for the two extreme power
values used (i.e., 5 and 20 W) and for three different Ar gas
thermostat temperatures (i.e., 700, 1000, and 1500 K). The
effect of magnetron power and Ar temperature is further
demonstrated in Figure S3. Higher power values led to denser
sputtered gases, resulting in faster nanocluster formation in
Figure 2. (a) Temperature and potential energy evolution graphs for
Au, Pt, and Pd sputtered with 20 W in a room temperature Ar
environment. The temperature spikes early on for Au and Pt
correspond to an initial nucleation of dimers, which is not
immediately followed by further growth. Instead, Pd clusters of larger
sizes can readily form, leading to a high and broad temperature peak.
(b) Percentage of atoms of each species bound in monomers, dimers,
trimers, etc. as a function of time during MD simulations of gas
condensation. Clearly, Au and Pt dimers reach much higher
percentages and have much longer lifetimes compared with Pd
dimers. (c) Snapshots from MD simulations of monometallic
nucleation and growth at 1500 K Ar thermostat temperature and a
sputtering power of 20 W after 100 ns. Au, Pt, Pd, and Ar atoms are
represented by yellow, red, blue, and green spheres, respectively.
Clearly, a vast majority of Pt atoms are still trapped in dimer cluster
seeds, whereas large Pd clusters are already formed. The nucleation
rate of Au is in between those of Pd and Pt.
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almost all cases (see Figures S2 and S3a). This is verified by
the number of clusters of non-negligible sizes present at each
snapshot (most clearly in Au at 1000 K). A noticeable
exception appears for Pt at 1500 K, where an increase in the
number of atoms from 500 to 800 had no discernible effect on
the aggregation kinetics; another rate-controlling mechanism
became more important, as will be discussed below.
Furthermore, a lower Ar gas temperature generally speeds up
the growth process, as it provides more efficient cooling,81
although the temperature effect is not always profound (see
Figure S3b).
The most striking result is that Pd shows a tendency to
nucleate remarkably faster than the other two materials. After
Pd, Au nucleates the second fastest and Pt resists cluster
formation the longest, especially at high temperatures and low
atomic densities. As a result, there is a marked distinction
between the temperature profile of Pd and those of Au and Pt
(see Figure 2a). For the latter two, a sharp peak can be
identified at ∼10 and ∼20 ns, respectively, followed by a
second, lower and much wider peak. The sharp peaks are the
result of rapid formation of single bonds pairing the atoms in
dimers, whereas the wider ones are associated with the
addition of extra atoms toward larger nuclei. In contrast, the
temperature evolution of Pd shows a single strong and broad
peak since temperature spikes due to first, second, third, etc.
bond formations merge owing to the higher nucleation rate.
This unexpected result is further scrutinized in Figure S4,
examining parameters associated with the experimental setup
such as Ar gas pressure and metal-to-inert-gas atomic ratio.
The lifetimes of clusters containing 1, 2, 3, 4, or >4 atoms
for each species are shown in Figure 2b. Clearly, Au and Pt
dimers not only reach much higher percentages of atoms
bound in them than Pd dimers but they also significantly
outlive them. In addition, the formation of Pd clusters of a
larger size (i.e., >4) starts much earlier than that of Au or Pt.
As a consequence, large Au and Pt clusters are mainly formed
by subsequent addition of dimers rather than deposition of
individual adatoms, as verified by the mirror symmetry in the
decreasing “N = 2” and increasing “N > 4” curves for Au and Pt
after 120 ns in Figure 2b; this effect is not observed for Pd.
MD simulation snapshots for all three species confirm these
differences in nucleation rates, showing that after 100 ns all Pd
atoms are already bound in large clusters, whereas, in contrast,
practically all Pt atoms are still trapped in dimers. Au exhibits
intermediate behavior, demonstrating a great number of
diatomic nuclei, whereas the presence of larger clusters is
scarce (Figure 2c).
To understand the reason behind this distinct difference in
nucleation behavior between Pd and Au or Pt, we calculated
the potential energy per atom for clusters of all three species
containing 2−12 atoms. For each cluster, we performed 100
cycles of fast heating up to 2500 K and subsequent quenching
to 0 K, after which we selected the configurations of the lowest
energy states; a comparison between them is shown in Figure
3. To verify our result, we repeated the same simulations
performed with the original potential53 by utilizing another
embedded-atom method (EAM) interatomic potential.59
Oscillations in energy values between clusters containing odd
and even numbers of Au and Pt atoms are clearly
demonstrated for both potentials used; as a result, Au and Pt
dimers appear more stable than the trimers, which explains
their pronounced and prolonged presence during nucleation
and growth. This phenomenon is more prominent for Pt, in
agreement with its aforementioned nucleation behavior. In
contrast, the stability of Pd clusters grows monotonically,
allowing for unobstructed, and, thus, faster, growth of Pd
nanoparticles of larger sizes.
Similar trends in the evolution of the cohesive energy of Au/
Pt, Au/Pd, and Pd clusters have been reported in various ab
initio studies82−85 and attributed to the difference in the
electronic configurations of the atoms. All three elements are
transition metals, but although Au and Pt share open-shell 6s1
valence configurations, forming stable bonds characterized by a
σ doubly occupied highest occupied molecular orbital
(HOMO) and a σ* lowest unoccupied molecular orbital
(LUMO), Pd has a 4d10 configuration, which translates into 4d
electronic density being promoted to 5s to form stable bonds.
The energy oscillations observed for Au and Pt clusters can be
attributed to the alternation between resultant stable closed-
shell and less-stable open-shell configurations. However, even
within the density functional theory framework, there is no
general consensus regarding the shapes and ground states of
transition-metal clusters of low nuclearity, as different studies
reported contradicting results, mainly due to their sensitivity
on the selection of basis sets and approximations.86 It should
be noted, however, that even studies that did not reproduce
this oscillatory behavior for the clusters’ binding energies (such
as, e.g., ref 87 for Pt clusters) reported similar oscillatory
behavior for other properties such as the HOMO−LUMO
bandgap, a parameter that affects the chemical stability, or the
magnetic moments.88
It should be underlined that neither of EAM-type
interatomic potentials used in this work is explicitly designed
to reproduce such behavior, but both are rather fitted to bulk
properties.53,59 The nature of the embedding function implies
the presence of metallic bonds as a result of the presence of an
electron cloud within the crystal, whereas the bonds during the
initial stages of gas-phase nucleation are, in principle, covalent.
The reproduction of the experimental nucleation behavior and
ab initio energetics calculations may be initially considered
fortuitous; however, a possible explanation lies on the fact that
the embedding functions and pair interactions were based on
first-principles calculations that take the electronic structure
Figure 3. Potential energy per atom as a function of the number of
atoms for low-nuclearity monometallic clusters consisting of Au, Pt, or
Pd atoms, given by two EAM-type potentials.53,59 Enhanced stability
is indicated for Au and Pt dimers compared to their respective trimers.
In contrast, the stability of Pd clusters increases monotonically with
size.
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into account.53 Indeed, the Foiles EAM potential predicts
ground states of small Pt clusters that resemble an ensemble of
dimers; such configurations are also predicted ab initio for Au
by Zanti et al.82
Experimental Growth of Trimetallic Nanoparticles.
Taking the primary theoretical results of the monometallic
growth of individual Au, Pt, and Pd nanoparticles into account,
we co-sputtered all three elements concurrently. Three series
of samples were produced keeping all deposition parameters
constant, except for the DC power applied independently to
each magnetron. For each of these series, the DC power value
of one of the targets was increased from 0 to 20 W, as indicated
in Table 1, whereas DC powers of 5 W were constantly used
for the remaining two targets. This led to enrichment in the
concentration of one specific element per series. The size and
composition of the deposited nanoparticles were checked in
flight via QMF feedback, as shown in Figure 4a−c, and post-
deposition by AFM, as presented in Figure S5. To obtain
submonolayer nanoparticle coverage and restrict Smoluchow-
ski ripening, the deposition time was limited to 3 min.
Quantitative analysis of the chemical composition of each
sample was performed via X-ray photoelectron spectroscopy
(XPS). Although XPS is, in principle, a surface technique, the
small dimensions of the clusters meant that the overall sample
was sufficiently probed. Figure 4d−f shows the percentage of
atoms of each species present with increasing magnetron
power of individual Au, Pt, and Pd targets, respectively. It
should be stressed that these percentages correspond to the
presence of atoms in the ensemble and not to individual
nanoparticles. Interestingly, the percentage of Au when
sputtered with the same power as Pd is consistently lower
than that of Pd; instead, it is rather comparable with the
percentage of Pt (as more clearly illustrated in Figure S6).
Evidently, this corresponds to its low clustering rate as shown
by MD above and not to its high sputter yield, indicating that
this is the primary limiting factor in the nanoparticle
fabrication process.
Therefore, to obtain consistently trimetallic nanoparticles,
one needs to form seeds where Au and Pt sputtered atoms can
nucleate on. Pd, with its faster nucleation rate, can play this
role forming initially monometallic nuclei where Au and Pt
adatoms (or, rather, dimers, as previously discussed) can attach
to. As a result, a higher Pd sputtering power is necessary to
increase the number of potential trimetallic nucleation sites.
The Au-5W/Pt-5W/Pd-15W sample produced practically
solely trimetallic nanoparticles, as indicated by XPS spectra
showing strong interaction among the three atomic species
(Figure S7) and verified by the TEM survey of more than 50
Figure 4. Comparison of QMF profiles of binary and ternary nanoparticles with increasing (a) Au, (b) Pd, and (c) Pt concentrations. The
distributions shift toward larger sizes and become wider as the sputtering power increases from 0 to 20 W in 5 W increments for the target of the
respective enriched element. The powers of the remaining two targets remained fixed at 5 W. Quantification from XPS analysis of surface
composition in atom %. for each enrichment series: (d) Au, (e) Pd, and (f) Pt. Again, Pd is found to be the easiest element to form nanoparticles.
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nanoparticles including the smallest ones observed. Utilizing a
higher Pd power (i.e., 20 W) resulted in excessive amounts of
Pd atoms in the aggregation zone and the ensuing growth of
monometallic Pd nanoparticles, too. Although it is unlikely that
there exists only one specific sputter power combination,
which can lead to the growth of uniformly trimetallic
nanoparticles, it is important to emphasize that a certain
balance has to be reached to avoid surpluses or deficits of any
atomic species.
Theoretical Growth of Trimetallic Nanoparticles. We
utilized MD to simulate the growth of trimetallic nanoparticles,
using for each species numbers of atoms corresponding to the
sputtering power Au-5W/Pt-5W/Pd-15W. We repeated the
MD nucleation and growth process four times, starting from
different random configurations. Through visualization snap-
shots of MD runs (such as those in Figure 1b), we could follow
the temporal evolution of the gas-condensation process from
the primordial monometallic nuclei and small single- or mixed-
element nanoclusters all the way toward larger trimetallic
nanoparticles. By the end of this series of simulation runs, a
whole galaxy of nanoparticles of various sizes, shapes, and
chemical configurations were produced; a representative
sample is shown in Figure 5. In the first column, all atom
types are depicted in white to emphasize the shapes of the
nanoparticles. For small clusters, the icosahedral shape is the
most common; this is clear as the clusters are viewed along
their fivefold axes (also their twofold axes in some instances;
see small insets). It should be mentioned that due to the
random nature of the gas-condensation process, the growth of
highly symmetrical icosahedral nanoparticles is not attributed
to the occurrence of any magic numbers, either of the Mackay
o r t h e a n t i - M a c k a y s e r i e s
(N k k k k(10 15 11 3), 1Ih
M 1
3
3 2= − + − ≥ and NIhaM (k) =
NIh
M(k) − 10(k − 2), k ≥ 3, respectively, where k is the number
of the atomic layers).89 For larger sizes, there is a tendency
toward single-crystalline face-centered cubic (FCC) clusters,
either in near-truncated-octahedral or spheroidal shapes. This
behavior is expected, as crystalline motifs become increasingly
favorable when the nanoparticle size increases and the
macroscopic bulk limit is approached.89 However, this is not
always the case, as indicated by the large equiatomic
icosahedron of the bottom row.
The middle two columns reveal the atomic composition and
chemical ordering of the nanoparticles: Au, Pt, and Pd atoms
are depicted in yellow, red, and blue, respectively. Small
clusters appear either Pd- or Au-rich; larger ones are mainly
Pd-rich or roughly equiatomic. Au atoms consistently show a
tendency to segregate to the surface and create a single-layer
envelope surrounding the particles (see, e.g., rows 1−4). Pt
atoms always remain one layer shy of the outer shell, and they
either fill the core, when their concentration is high enough, or
prefer to occupy subsurface sites. For the former case, see, e.g.,
the top four rows; the inset in row 2 has Pt atoms slightly
exaggerated in size to emphasize their presence in the
subsurface layer. For the latter case, see insets of rows 8−9,
where a slice through the clusters’ equatorial plane is shown.
Pd atoms can be found in every layer of the nanoparticles due
to their large amount. Interestingly, there is no direct
correlation of the atomic composition and chemical ordering
of the nanoparticles with their shape or size.
Finally, the crystallographic phase of each nanoparticle can
be identified in the last column: atoms depicted in green
belong to FCC structures (see, e.g., rows 7 and 8), whereas red
atoms indicate the existence of twin boundaries (see, e.g., top
six rows). There are also deviations from these patterns, with a
near-spherical nanoparticle in an amorphous state (atoms
depicted in white) and one roughly truncated-octahedral
nanoparticle appearing mainly BCC (atoms depicted in blue).
This is only temporary and, in principle, expected since there is
no guarantee that all nanoparticles reach equilibrium within
the timeframe of our simulations. It should be mentioned that
in this column, atom sizes are reduced to enable observation
through the clusters so as to demonstrate the fivefold
symmetry of the twinned clusters. Also, note that surface
Figure 5. Visualization of all nanoparticles grown by MD simulations
according to the scheme shown in Figure 1b, revealing a variety of
structures. In the first column, all atoms appear white to demonstrate
the shapes of the particles; icosahedral, truncated-octahedral, and
spherical particles are shown (atom sizes are not to scale). The small
insets depict the same icosahedral particles viewed along their twofold
axes. The second column shows the same particles from an identical
viewpoint, indicating their species: Au, Pt, and Pd atoms are
represented by yellow, red, and blue spheres, respectively. In the
third column, atom size is reduced to enable view through the
particles and reveal their intrinsic structures. The small insets
emphasize the presence of Pt in the subsurface layer. The crystalline
phase of the particles is revealed in the last column. Atoms belonging
to an FCC, body-centered cubic (BCC), and amorphous structures
appear green, blue, and white, respectively. Red atoms reveal twin
boundaries.
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atoms always appear white due to their limited coordination
number; this does not mean that they are in an amorphous
state.
Characterization of Trimetallic Nanoparticles. We
performed HR-TEM characterization to investigate the
physical order of experimentally fabricated nanoparticles of
the trimetallic Au-5W/Pt-5W/Pd-15W sample. As reported in
Figure 6, this analysis revealed well-crystallized nanoparticles in
several structures. Figure 6a depicts an exemplary single-crystal
FCC particle oriented along the [100] zone axis. In Figure 6b,
icosahedral nanoparticles exhibiting twofold symmetry display
tetrahedral facets oriented along the [110] and [111]
directions.90 Decahedral nanoparticles were also identified,
such as that of Figure 6c, which is oriented along the fivefold
axis and limited by {111} facets.
Chemical order analysis of the nanoparticles is more
challenging since all elements crystallize in the FCC phase in
the bulk and Pt and Pd have similar lattice parameters (aPt =
3.916 Å and aPd = 3.881 Å), which prohibits distinguishing
them by spatial resolution. Fast Fourier transform (FFT)
analysis from HR-TEM images revealed no numerical Bragg
spots of the L10 or L12 superstructures typical of an ordered
alloy. However, although HR-TEM does not enable distin-
guishing the Pt from the Pd lattice, scanning-TEM in high-
angle annular dark-field (HAADF-STEM) mode provides a
signal proportional to the atomic charge number Z (ZPd = 46,
Figure 6. HR-TEM micrographs reveal the physical ordering of nanoparticles from the trimetallic Au-5W/Pt-5W/Pd-15W sample: (a) FCC
particle viewed along its [100] zone axis, (b) icosahedral particles viewed along their twofold symmetry axes, and (c) decahedral particle viewed
along its fivefold symmetry axis. STEM-HAADF micrographs contain more information regarding the chemical ordering of the particles: (d) FCC
particle viewed along its [101] zone axis, (e) icosahedron viewed along its twofold symmetry axis, and (f) fivefold twinned nanoparticle
(decahedron).
Figure 7. (a) HR-STEM-HAADF micrograph of a multifaceted nanoparticle displaying fivefold symmetry and (b) its corresponding EDS line scan
across the nanoparticle diameter (dashed green line), indicating the Au/Pt-rich core@Pd-rich shell configuration. (c−e) Local elemental mapping
by EDS verifying the core−shell structure (the intensity corresponds to counts).
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ZPt = 78, and ZAu = 79). Thus, the contrast in STEM mode can
directly signify the atomic composition.91
For example, the single-crystal FCC particle oriented along
the [101] zone axis, displayed in Figure 6d, exhibits a clear
contrast between the core and the shell. The high signal
intensity in the core can be attributed to either Au or Pt (or
both) since the atomic numbers of these elements differ by
only one nucleon; the shell, which displays low intensity, most
likely corresponds to Pd enrichment. However, one can still
observe a high-intensity signal from some atoms in the shell
region. Figure S8 displays the intensity of the electronic density
along the (111) planes across the nanoparticle and along the
(020) planes from the shell. The intensity profile across the
body of the nanoparticle confirms the high atomic numbers in
the core region, whereas the profile on (020) planes of the
shell divulges some isolated atoms with a higher intensity. This
reveals the localization of Au and/or Pt in the core region
along with some isolated atoms in random positions in the
shell, whereas Pd occupies the main part of the nanoparticle.
The icosahedron depicted in Figure 6e demonstrating its
twofold symmetry reveals a bright core and low signal intensity
in the shell. However, one can still observe on the surface
isolated atoms on the (111) planes displaying a higher
intensity related to Au or Pt. Finally, the exemplary decahedral
nanoparticle displayed in Figure 6f shows different domains
with a higher intensity along the shell and partially on three
facets.
To recognize what determines the chemical order of each
cluster, energy-dispersive X-ray spectroscopy (EDS) analysis
was carried out to identify and localize specific energies related
to each element. The characteristic X-ray energies of Au Mα
and Pt Mα are similar due to their similar atomic numbers,
which results in an overlap of Mα peaks on their EDS
spectra.92 To overcome this problem, the Lα emission line was
used to differentiate Au and Pt peaks, despite the loss of signal
intensity.
A chemical mapping of a multiply twinned polyhedral
nanoparticle and the corresponding line profile recorded across
its diameter are reported in Figure 7; the cluster is limited by
low-surface-energy (111) facets. The HR-STEM-HAADF
image of Figure 7a displays higher intensity in the core,
which can be attributed to the presence of Au and/or Pt. A line
scan along the dashed green line displays a compositional
gradient from the core to the shell, with the Pd concentration
showing a higher intensity in the shell region and a small
decrease in the core region (Figure 7b). Conversely, the core
region shows an important Au and Pt enrichment compared to
the surface. The elemental mapping of Figure 7c−e confirms
the Au−Pt-rich core@Pd-rich shell configuration.
A quantitative analysis for this nanoparticle gives an
estimated elemental composition of Au 0.17:Pt 0.05:Pd 0.78.
The high atomic concentration of Pd and the low percentage
of Au and Pt are correlated with the sputtering power used for
each magnetron target. Interestingly, this particle shows almost
identical composition as the overall sample. In agreement with
the previous discussion, the Au/Pt atomic ratio in this
nanoparticle is >1 (namely, ∼3.4), despite the same sputtering
power used for both targets. The atomic concentration of Pd
reaches 0.83 in the surface region but decreases to 0.56 in the
core region, consistent with a core−shell distribution.
Similar EDS analysis was performed on spherical single-
crystalline nanoparticles, as well. The exemplary HR-STEM-
HAADF micrograph of Figure 8 reveals a cluster adopting
FCC structure, oriented along the [111] zone axis (an FFT of
the particle is displayed in the inset). The EDS spectrum of
Figure 8d confirms the presence of all three metals within the
nanoparticle, whereas the EDS profile across the nanoparticle
shown in Figure 8b underlines the very low concentration of
Au and Pt. A HR-STEM-HAADF contrast profile is also
plotted across the particle, perpendicular to (2̅02) planes
(Figure 8c), revealing some fluctuation in intensity; atomic
columns with higher intensity can be assigned to relative Au
and/or Pt enrichment, whereas atomic columns with lower
intensity should mostly consist of Pd. This particle clearly
displays a random solid solution configuration, with Au and/or
Pt dopants obtaining substitutional interstitial positions inside
a Pd matrix.
Examination of more nanoparticles revealed no discernible
interdependence between physical and chemical ordering. For
example, Figure S9 shows a spheroidal, single-crystal particle
with clear core−shell segregation, whereas Figure S10 shows a
polyhedral random nanoalloy. Instead, elemental composition
determines the mixing or nonmixing pattern for each particle,
as segregation is evident only in particles with non-negligible
amounts of Au and/or Pt atoms.
From an energetics point of view, it was expected that
differences in atomic sizes (i.e., empirical atomic radii of RAu =
144 pm, RPt = 139 pm, and RPd = 137 pm) can have an effect
on the chemical ordering of individual clusters. The larger size
of Au atoms, compared to those of Pt and Pd atoms, can
induce some elastic stress in the lattice and result in larger
atoms segregating to the surface to release elastic energy.45
Likewise, the surface energy of Au is lower than those of Pt and
Pd (typically 1.5 J m−2 for Au, 2.489 J m−2 for Pt, and 2.003 J
m−2 for Pd), which was also expected to drive Au atoms to the
surface to minimize the total energy of the system.45,48 To
resolve this issue, we investigated the energetically favorable
structures of Au−Pt−Pd trimetallic nanoparticles of shapes
and compositions relevant to our experimentally grown
particles by combined MD and MMC simulations efficiently
sampling the potential energy landscape. In agreement with the
Figure 8. (a) HR-STEM-HAADF micrograph of a spherical, single-
crystal nanoparticle (FFT displayed in the inset) and (b) its
corresponding EDS line scan across the dashed green line, showing
the relative concentrations of each element. (c) HR-STEM-HAADF
contrast profile extracted along the white frame in (a), indicating a
random solid solution of Au and Pt dopants inside a Pd matrix. (d)
EDS spectrum attesting the presence of all three metals within the
nanoparticle.
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previous literature, all stable structures display Au−Pd mixed
surfaces and a Pd core, with Pt atoms occupying subsurface
positions, preferably in (100) facets and twin boundary
sites.45,46
Therefore, the experimentally observed (Au−Pt)@Pd core−
shell distribution is metastable according to the aforemen-
tioned energetic considerations where Au is expected to
segregate to the surface. Metastability can be attributed to the
randomness of the gas-condensation process, where trimetallic
nanoparticles form by coalescence of simpler clusters. For
example, most of the Pt atoms appear in the core of the
nanoparticle. The cohesive energies of Au, Pt, and Pd being
3.81, 5.84, and 3.89 eV, respectively, mean that Pt−Pt bonds
are the strongest bonds displayed in this system. A preformed
Pt cluster coalescing with another cluster of different
composition (or being covered by different adatoms) may
not dissolve but remain rather intact in the core,47 covered by
the other atoms wetting its surface.74 Fast quenching upon
deposition means that there is a high probability for these
particles to be trapped in such metastable configurations.
Similar metastability is not observed in our MD study of
trimetallic growth since most simulated nanoparticles
reproduce the energetically favorable chemical ordering
predicted by MD and MMC due to their small sizes
(compared to their experimental counterparts) enabling
them to approach equilibrium.
■ CONCLUSIONS
In this contribution, we engineered by gas-phase synthesis
complex trimetallic Au−Pt−Pd nanoalloys, which are usually
fabricated by wet chemistry methods. By means of classical
MD simulations, we investigated the parameters that govern
the nucleation and growth of each element into monometallic
clusters and alloy nanoparticles; such parameters include the
Ar gas pressure and temperature and the relative atomic ratios
between the sputtered species and the Ar gas. Our results
reveal that the clustering rate and not the sputter yield of each
elemental species is the primary limiting factor in the mixed
nanoparticle fabrication process. We propose that the
electronic structures of Au and Pt make them linger in dimeric
configurations during nucleation; in contrast, the electronic
structure of Pd enables its fast monometallic growth. Using
these results, we were able to consistently fabricate trimetallic
nanoalloys enriched in Pd. Our experimentally grown nano-
particles display alloy core@Pd-rich shell structures, which we
demonstrated as metastable by means of MMC simulations,
revealing the equilibrium structures of such systems. Our
synthesis strategy can be applied for a wide range of trimetallic
systems; furthermore, it is general and flexible enough to pave
the way for the synthesis of even more complex nanoalloys
containing four, five, or more elements for targeted
applications.
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